SUMMARY: Although the Atlantic bluefin tuna has been studied for more than a century, the assessment of the East stock is characterised by a large amount of uncertainty. In 2000, this situation became so critical that quantitative stock assessment has been postponed. The first part of the present study aims to list the main difficulties that have led to the current situation and tries to discern between subjective and objective uncertainty. The former, which is due to an incomplete knowledge of the system and which has increased in the past few years, is mainly due to a decreasing quality of the catch and effort data, that has followed the establishment of a TAC. The latter source of uncertainty, which results from the underlying variability in stochastic processes, mainly relates, for this species, to spatial and temporal changes in stock size, growth and migration. The second part of this study presents the results of simulation modelling, which could be, in the meantime, an useful tool for short-term management of the East Atlantic and Mediterranean BFT stock.
INTRODUCTION
In the last few years the Atlantic bluefin tuna (BFT) fisheries has become a highly profitable activity: one single fish can be sold for more than 50,000 US$ on the Tokyo market and this situation has induced tensions between administrations, professionals and scientists. The BFT fishery is, however, traditional in the Mediterranean Sea; the first evidences of tuna fishing are estimated at around 7000 years BC (Desse and Desse-Berset, 1994; Doumenge, 1998) . In relation to this long fishing history, bluefin tuna has been constantly studied. The ancient Greek and Latin philosophers Aristotle (fourth century BC) and Pliny (first century A.C.), already mentioned the BFT migration patterns in their natural history works and scientists have been studying the BFT biology and its fisheries since the late 19 th century (e.g. Bragança, 1899; Sella, 1929; Rodriguez-Roda, 1964) .
Like all the Atlantic tunas, BFT is managed by the International Commission for the Conservation of the Atlantic Tuna (ICCAT). A specific working group of scientists perform used to a complete stock assessment every 2 years since 1970. The assessment procedure is based on an aged structured population model (ADAPT type), in which CPUE series are used for tuning. In 2000, the quantitative stock assessment procedure was, for the first time postponed, because of increasing uncertainties concern-ing the catch and effort data, combined with a lack of information of key biological and ecological processes (ICCAT, 2001 ). The present study intends to list the main sources of uncertainties which make the traditional stock assessment inoperative, and to present results obtained with simulation modelling.
MAIN SOURCES OF UNCERTAINTIES IN THE BFT ASSESSMENT PROCEDURE

Uncertainties related to the catch data
Under-and mis-reporting is the main source of uncertainty related to catch data (Table 1) . Though most of the countries fishing BFT are now ICCAT members (i.e. they have to report yearly catches), ICCAT official statistics are unfortunately highly erroneous. This was explicitly demonstrated in 1998, when several countries asked for a revision of the official ICCAT statistics for the 1991-1997 period. This request was actually motivated by the implementation of a TAC in 1996; the quota of each country being proportional to its historical catches. Not so surprisingly, this revision led to a 20 to 25% increase in the total catches and secondarily to a discrepancy in the catch-at-age matrix (note furthermore that the situation is worst with the non-contracting parties who are not obliged to declare their catches). The second problem is related to the fishing of age 0 and 1. This activity is known to be important in several Mediterranean countries, but it is poorly reported as it is officially forbidden, size limit being fixed at 6.4 kg (with a tolerance of 15% for fish between 3.2 and 6.4 kg). This widespread under-reporting, which results from both industrial and small-scale fisheries, is impossible to evaluate accurately and strongly biases the assessment and management procedures. Flags of convenience are another source of errors, which has been known for years for most of the tuna fisheries. This leads to an additional source of under-reporting, which is difficult to estimate.
Uncertainties related to fishing effort
Changes in gear-technology and tactics mainly affect the purse seiner fleet, which is the largest one (about 60% of the total landings) and secondarily the baitboat fleet (Table 2 ). In comparison to 1970, a standard purse seiner was in 1998 twice as long and four times more powerful. Though such a change can easily be modelled, it is more difficult to model objectively the recent increasing use of powerful positioning and prospecting equipment, such as bird radar, sounder, sonar and plane as well as new storage equipment, such as carrier vessels with deep freezing storage and pool systems (Liorzou, 1999) . Because big tuna have a considerably higher value on the Japanese market, the purse seiner fleet, that used to target small fish until the 1980s, now targets both small and big fish. Subsequently, purse seiners strongly expanded their fishing area in the Mediterranean and, during the same period, the long liners did the same in the central North Atlantic. Such changes in both selectivity and fishing area are known to bias the effort estimate and, thus, the CPUE indices. A third source of uncertainty relates to the vessels' cooperation and competition. Purse seiners tend to work in teams of about 5 boats. As soon as a boat catches a school, it shares its catch with its partners but also with boats of other teams if the latter arrives at the fishing location before the former has finished surrounding the school with its seine. The teams change from year to year and there is strong competition between them. These changes, which affect fishing effort positively and negatively, are highly difficult to quantify without a detailed information provided by observers. Fishing in restricted areas is also of importance for BFT, because this can lead to local overfishing (see e.g. Fonteneau and Fromentin, 2000) . For BFT, this problem mainly concerns the baitboat fleet, which historically targets young BFT in the southern Bay of Biscay. 
Uncertainties related to modelling
The stock assessment process includes several numerical steps: (i) an ageing procedure to estimate the catch-at-age matrix from the length and weight data, (ii) CPUE indices for the tuning of the VPA, (iii) the aged structured model, here ADAPT-VPA version (Geromont and Butterworth, 1997; Porch, 1997) , to evaluate fishing mortality parameters and stock size estimates and (iv) a projection modelling for short-term and medium-term predictions. The crucial problem probably relates to the ageing procedure, which is estimated through a Von Bertalanffy growth model and a slicing method (Table 3) . A recent analysis of the catch-at-age data revealed important problems that could be due to: (i) the fact that the fisheries switched from younger to older age groups (see above) and (ii) the slicing method (Anonymous, 1998) . The modes for the youngest ages are indeed correctly distinguished within the length or weights distributions, but there is considerable overlap for older ages, especially for fish older than 5 years. This difficulty is further reinforced by spatial and temporal variations in growth (see below). Simulation studies have revealed that a misassignment of about 20% between the different age classes (a percentage considered moderate by biologists), induced a severe under-estimation of the fishing mortality (Anonymous, 1998) . Uncertainties related to the technical specifications mainly relate to the natural mortality (see below). Projections tend to be based on the Beverton and Holt model (Beverton and Holt, 1957) . However, the BFT SSB/recruitment relationship appears rather fuzzy (a classical difficulty in fisheries science, Fig. 1 ), which could be due to stochasticity in the recruitment. BFT indeed feeds over the entire North Atlantic but only reproduces in a small spatial and temporal window (around the Balearic islands and Sicily in June). BFT recruitment is thus likely to be more variable than that of tropical tuna (Fromentin and Fonteneau, 2001) .
Uncertainties related to a lack of biological and ecological information
This type of uncertainty is often neglected although it is a major one. As for other stocks, our lack of knowledge of the natural mortality (M) of the Atlantic BFT is of crucial importance (Table 4) . For BFT, the closest estimates of M are probably those obtained from tagging experiments on a related species: the Southern bluefin tuna. These estimates showed that M was age-specific and about 5 times higher for juveniles than adults (ICCAT, 1997), which is in agreement with the ecological and biological theory (Wootton, 1990) . There are thus few arguments for continuing to use a constant M for all the ages, but it appears necessary to carry out an intensive tagging experiment in order to estimate M for the Atlantic BFT. Stock delimitation is an old and unsolved problem. Bluefin tuna is a highly migratory species and is widely distributed throughout the entire North Atlantic and adjacent seas. Based on distinct spawning areas and different age-at-maturity, ICCAT uses two stock-assessment units: the West Atlantic and the East Atlantic and EAST ATLANTIC AND MEDITERRANEAN BLUEFIN TUNA MANAGEMENT 53 Mediterranean, being divided by the 45°W parallel. Although migrations have been shown to occur between the two management units (Block et al., 2001; Lutcavage et al., 1999; Tiews, 1963) , much more tagging data are still needed to obtain reliable estimates of the transatlantic migration rates (ICCAT, 2002; Porch and Turner, 1999) . As 95% of the catches are made in the East Atlantic, the issue related to the stock delimitation is of major importance for the West Atlantic BFT assessment. A third important problem relates to the long-term fluctuations in the catches. Variation in the historical trap catches ( Fig. 2 ) have been related to changes in stock size (Ravier and Fromentin, 2001) , whereas the sudden disappearance of the Nordic fisheries in the early 1960s (Fig. 3) has been attributed to changes in migration patterns (Pusineri et al., 2002; Tiews, 1978) . Only the sharp increase since the 1980s has been directly attributed to fishing (Fig. 3) . Though long-term fluctuations that are environmentally driven have been shown for many fish stocks (see e.g. Cushing, 1982) , projection models and reference points assume that fish populations are stationary. This assumption seems to be invalid for the Atlantic BFT. A first examination of the ICCAT BFT tagging database suggests that growth is also highly variable between areas and between years or decades. For instance, two fishes of 81 cm and 55 cm were marked in 1960 and 1976 respectively, and both were recaptured 14 years later at 256 cm and 400 kg and 292 cm and 353 kg respectively. Such variations, which have been already shown for various fish populations (e.g. Astthorsson and Gislason, 1998; Nilssen et al., 1994; Sogard, 1992; Wootton, 1990) , become critical for long-lived species such as BFT. To investigate this potential source of variability, we here followed a recommendation of the fifth SAP meeting to investigate the variations in the weight-at-age (W a,t ).
Modelling weight-at-age
Because of the various problems in the ICCAT database and aggregation among different areas, we restricted our analysis to the records of the French landings by purse seiners between 1982 and 1998. French purse seiners typically target juveniles < 30-35kg (ages 1 to 3) in the Gulf of Lions and the Ligurian Sea in spring, late summer and fall. Until 1998, the French administration did not routinely collect logbooks from the Mediterranean vessels, so we used the sales records of the local seafood traders, which covered between 70% and 100% of the landings of the BFT juveniles caught by the French purse seiners (for more details, see Labelle et al., 1997) . All the records were checked and those including suspicious or incomplete information were removed. 13,201 records were finally kept and used to compute the monthly mean weights (MW) for each age and each year between 1982 and 1998 (i.e. 612 MW). A graphical examination of the MW did not reveal any doubtful patterns (Fig. 4 , MW spread from ~3 kg at the beginning of a given year to ~8 kg at the end of it for age 1, from ~8 kg to ~16 kg for age 2 and from ~16 kg to ~25 kg for age 3). Note, however, the lack of data in years 1983 and 1984 for age 3 (Fig. 4a) and the missing values in January, February and March for all the ages (Fig. 4b) . For this reason, we excluded the three winter months from the analysis (the final data set containing 459 MW), whereas the missing years for age 3 (i.e. 1982 and 1983) were treated as missing values and the corresponding lines omitted (S-Plus, 1999). We investigated the weight-at-age data using the framework of the Generalised Linear Models (GLM, McCullagh and Nelder, 1989) . Following Shepherd and Nicholson (1991) , we assumed that weight-atage could be modelled as:
Age could be assumed as the 'mean effect' and Month as the 'seasonal effect' (the BFT growth being faster in summer and fall, see Figure 4b and also Labelle et al., 1997; Mather et al., 1995) . Year was the variable of main interest and represented 'the year-to-year effect'. In contrast to Shepherd and Nicholson (1991) , we did not introduce a 'year class effect' (i.e. density-dependence) because the year class estimates from the VPA were not trustworthy. Note however that density-dependent processes have not been demonstrated for tuna and remain less probable for these highly migratory and pelagic fish than for demersal ones.
As we regressed the MW against three categorical variables, we had to define the contrast matrix to obtain the k coefficients of each factor (k corresponding to the numbers of levels of each factor). We used the treatment contrast which was recommended for unbalanced layouts, including the GLM (Venables and Ripley, 1999) . These unconstrained coefficients obtained directly from the fit were furthermore easy to interpret, each coefficient representing a comparison of its level with the first level. To incorporate the variability due to the sampling error or to stochastic processes not being integrated in the 'Month or Year effect', we defined a function for the conditional variance, which was the law for the variability around the deterministic model (McCullagh and Nelder, 1989) . The Normal quantiles of the MW for the different ages clearly indicated that the MW were not normally, nor log-normally, distributed. Therefore, we selected a GLM with a Gamma error and a log-link. All the calculations were made using SPlus 2000 (S-Plus, 1999) .
Results of the weight-at-age analysis
The MW appeared clearly distinct between the ages (Figs. 4a and 4b) , with a mean at around 5 kg, 12 kg and 20.4 kg for ages 1 to 3 respectively. The seasonal pattern was also clear for all the ages, with a quicker growth in the second half of the year (Fig.  4b) . The seasonal and yearly variations in MW appeared lower for age 1 than for ages 2 and 3. The latter further exhibited a decreasing trend over the 1982-1998 period (Fig. 4a) . This cursory examination would indicate a significant 'Age and Month effect' and possibly a 'Year effect', at least for ages 2 and 3.
Without an interaction term between 'Age' and 'Month', the residuals clearly exhibited underlying structure, so we finally fitted the following model: MW = f(Age + Month + Year + Age*Month); this being due to the poor sample of age 1 during early spring and late fall. The GLM with a Gamma error term and a log-link was able to explain most of the variance of the MW. The residuals deviance of this model fell from 103.4 (304 degrees of freedom) to 1.3 (263 degrees of freedom, Table 5 ). The residuals as well as the squared root of the absolute values of the residuals did not exhibit any special structure (Figs. 5a and  5b ). The goodness of fit was very satisfactory, as was shown by the plot of the fitted values versus the MW (Fig. 5c ) and the Pearson residuals (i.e. residuals scaled by their variance) were normally distributed, as expected (Fig. 5d) .
The results of the ANOVA of the GLM, which gave the analysis of deviance table (Table 5 ), showed that the 'Age effect' was, as expected, the most important factor, and then came the 'Month effect'. The Age coefficients indicated that age 2 contributed more than age 1, and age 3 more than ages 1 and 2, reflecting that the variance in weight was proportional to the age (a feature known empirically, Table 6 , but see also Fig. 4) . The Month coefficients clearly illustrated the seasonal growth of juveniles BFT, early fall appearing as the typical growing season for young BFT (Table 6 ). Though the two other terms (i.e. the 'Year effect' and the interaction 'Age*Month') accounted for a smaller part of the total deviance, the 'stepAIC' function (pp. 186-188 in Venables and Ripley, 1999) indicated that these variables were also significant. 1982, 1983 and 1986 were characterised by relatively high MW, whereas relatively low MW occurred in 1993, 1996 and 1997 (Table 6 ). Furthermore, the MW decreased significantly over the whole period (Fig. 5e) .
Discussion on the weight-at-age analysis
The above analysis showed that the variations in weight-at-age of the BFT juveniles in the Gulf of Lions and the Ligurian Sea significantly displayed significant year-to-year variation. To validate the present results, this analysis should be re-computed on a more extensive data set, which would include the main Mediterranean and East Atlantic fisheries of BFT juveniles (by adding for instance an 'Area effect'). However, the present analysis leads to two interesting results. variability in weight from age 1 to 3 suggests that the underlying processes, variation in growth and/or in condition, are important during the juvenile period. Secondly, the apparent decline in the mean weights over the 1982-1998 years for age 2 and 3 is intriguing and could be a sign of growth overfishing. This point deserves further investigation.
ONE ALTERNATIVE METHOD: SIMULATION MODELLING
Temporal variability in stock size, growth, recruitment or migration patterns actually refer to what is commonly named 'objective uncertainties', i.e. uncertainties resulting from the underlying variability in stochastic processes. These uncertainties could be opposed to the 'subjective uncertainties', which mainly relate to an incomplete knowledge of the system or a mis-operating of the management, here mainly uncertainties related to the catch data and fishing effort. Improving standard stock assessment procedure, which is in the present situation unfeasible, would firstly involve reducing these subjective uncertainties. Even so, scientists still have to give advice on this stock, which is suspected to be overfished for several years (ICCAT, 1999) . One way is to use alternative methods being developed for short-term management purposes. Among several possibilities, we here present results based on simulation modelling.
Simulation modelling can be a powerful tool, especially for testing various hypotheses, if the modelling assumptions are clearly stated. We here present results of a simple simulation model that has been designed to test the effects of variations in recruitment and the impact of different selectivity patterns on the spawning stock biomass and the yields. The first point was motivated by the fact that the East and Mediterranean BFT populations reproduce only once a year in a small spatial and temporal window, so variations in recruitment are likely. The second point follows a change in the strategy of the purse seiner fisheries which now strongly target the adults, so both juveniles and adults are now significantly exploited.
Presentation of the simulation model
The simulation model that we used here is based on the fundamental equation of fish population dynamics:
where, N a,t is the number of fish of age (a) at time (t), and Z the total mortality from age (a-1) to age (a). Z = M+F, with M being the natural mortality and F the fishing mortality. The simulated BFT populations are based on the main biological characteristics: yearly spawning, life span of 20 years, maturity at 4.5 years (Mather et al., 1995) . As densitydependent processes have not been clearly established for tunas, we did not introduce densitydependent mortality within juvenile stages Myers and Cadigan, 1993; Porch et al., 2001) . The natural mortality of East Atlantic BFT is based on estimates of the Southern bluefin tuna and is about 5 times higher for juveniles (0.49) than adults (0.1, see ICCAT, 1997) . Mean weights spread from 4 kg at age 1 to 400 kg at age 20. We assumed a Beverton and Holt stock/recruitment relationship (Beverton and Holt, 1957) because this model is currently used within the 'ICCAT BFT working group'. As seen previously, this S/R relationship did not fit the BFT VPA estimates but it is used here for theoretical purposes (simulations conducted with a Ricker stock/recruitment model lead to equivalent results). Because of the effects of year-to-year fluctuations in environmental conditions and/or predation on the recruitment (e.g. Cushing, 1995; Hjort, 1914; May, 1974; Wooster and Bailey, 1989) , we included a random noise component, ε, which is Gamma distributed (Engen and Lande, 1996) with mean and standard deviation equal to 1 (i.e. moderate variance). Simulations were run over 200 years, after a transition period of 50 years in order to reach a steady state for which the spawning stock biomass (SSB) is equal to ~1 million tonnes (all the biological parameters remain the same during the simulation and F is always nil during the transition period). After this transition, the simulated population was submitted to two fishing scenarios: (i) a constant scenario with F equal to 0.5 over the 200 years and (ii) a linear increase of F over the 200 years (with F going from 0 to 2). We considered two age-specific selectivity patterns: (i) all the fish greater than or equal to 1 year are fished (which is close to the actual fishing pattern) with F age1 = F age2 =…. adults are fished (for more details on the simulation modelling, see Fromentin and Fonteneau, 2001) .
Results of the simulation modelling
When the BFT population remained unfished, the SSB displayed long-term fluctuations (Fig. 6a) resulting from the stochastic variations in recruitment. Actually, this property comes from the large number of age-classes in the BFT SSB. The calculation of the SSB of a population including 15 ageclasses and a stochastic recruitment is like operating a moving sum over 15 delayed noise terms, which alters the high frequencies into low frequencies (for more details see Fromentin, 2002) .
In the scenario in which both juveniles and adults are fished and F is equal to 0.5 over all the 200 years, the SSB fell from 1 million tonnes down to ~30 000 tonnes. As in the previous scenario, the BFT SSB and the yields display conspicuous pseudo-cycles (Fig.  6b ). The total yields were about the same level as the SSB (~25 000 tonnes), with a periodicity of about 20 years of high catches (~50 000 tonnes) and low catches (~10 000 tonnes). If F remains constant but only adults are fished, the temporal patterns are similar (Fig. 6c) . However, the SSB and yields are significantly higher: ~100 000 tonnes for the SSB and ~48 000 tonnes for the yields (the SSB and the yield are about 3 and 2 times higher than previously, so the ratio between the SSB and the yields is now about 2 to 1) .
The scenario in which both juveniles and adults are fished and with an increasing F (from 0 to 2) over the 200 years leads to recruitment overfishing, then rapidly to the collapse of the BFT population (Fig. 6d) . The conspicuous pseudo cycles in the yields partially blurred the rapid decline in the catches. Because of the numerous age-classes, the BFT population displayed an important 'inertia', so over-exploitation was detected in the yields with delay (at t=120, the yields were still high whereas the SSB was already strongly depleted). Considering the same scenario when only adults were fished led to contrasting results (Fig. 6e) . There is no recruitment overfishing or collapse of the BFT population. Although the SSB of BFT fell to a rather low level at the end of the simulation (~25 000 tonnes), it could still sustain very high fishing mortality (F=2). There was no crash in the BFT yields, which only decreased slightly from the beginning to the end of the simulation. Here also, variations in the yields were large, with an alternation of high (>120 000 tonnes) and low catch (~10 000 tonnes) periods.
Discussion about the simulation modelling
All together these simulations gave three interesting indications: (i) stochastic variations in recruitment induce conspicuous long-term fluctuations in the SSB and yields (note that long-term variations have been recently described from historical bluefin tuna trap data by Ravier and Fromentin, 2001 , see also Fig. 2); (ii) these pseudo-cycles and the age structure of this population make it more difficult to detect overfishing and depletion; and (iii) there is a clear interaction between age-at-maturity and fishing selectivity. Considering an increasing F and in the frame of our study design, the risks of depletion and crash were almost nil if only adults were fished, but very high if both juveniles and adults were targeted. As BFT has 4.5 juvenile classes, an exploitation starting at age 1 indeed implies an important cumulative mortality throughout the juvenile stages, so the number of new spawners is relatively low (F=0.5 from age 1 implies that less than 10% of the recruitment can survive until the youngest adult stage). Furthermore, targeting only adults induced much higher yields because of the large difference in weight between BFT juveniles and adults (mean weight is ~10kg and ~200 kg for a juvenile and adult of BFT respectively). As the scientific community suspects that the East Atlantic and Mediterranean BFT is overexploited (ICCAT, 1999) , these simulations suggest that ICCAT should reinforce the current measures on the size limit and ask for the reinforcement of their controls. Note that size limit is particularly relevant for the BFT fishery which is mostly species-and size-specific (purse-seine fishermen even being able to evaluate the size of the fish before fishing it).
CONCLUSION
In the first part, we presented the main uncertainties related to the stock assessment and management of the Northeast Atlantic and Mediterranean bluefin tuna. Improving standard stock assessment procedure would firstly involve reducing these subjective uncertainties, and it therefore appears necessary to consider the perverse effects related to the implementation of a TAC on the East BFT stock. There is no doubt that this management measure has increased the level of mis-and under-reporting and decreased the quantity and quality of information related to the fishing effort. The official statistics have become less and less trustworthy and their deterioration will probably continue without the implementation of efficient controls of the present rules. Consequently, the standard stock assessment procedure based on official statistics is now inoperative.
Second part of this study tried to show how alternative methods could provide useful information to help the short-term management of this stock, which is needed since overfishing is strongly suspected. The results of simulation modelling showed that year-to-year variations in recruitment can induce conspicuous long-term fluctuations in the SSB and yields, which makes more difficult to detect overfishing and depletion. Simulations also confirmed that measures on the size limit are noticeably relevant for BFT. Simulation modelling can actually tackle various other management issues. Kell et al. (2000) used simulation modelling to test how longterm fluctuations in BFT stock size could bias biological reference points estimates, such as MSY. Modelling various sources of biological information can also be useful. The analysis of weight-at-age that we reported here, allows to test what the biologists have suspected for years, i.e. the year-to-year variations in weight-at-age and possibly in growth. This type of analysis could provide additional useful information about the population dynamics and, in some cases, about the state of the stock.
Other alternative methods could also help the management and one of them, i.e. the computation of a fishery-independent index of abundance based on aerial surveys, is currently investigated for the Northeast Atlantic and Mediterranean bluefin tuna . However, improvement of the scientific basis for fish stock assessment and prediction (the aim of the concerted action SAP) cannot be reached for the East Atlantic and Mediterranean BFT without a strong political determination, in order to report the real catch and effort data and to enforce the controls of the current management measures, i.e. TAC and size limit.
